In Part I of this two-part study, the Simulated Grid microclimate model (SIMGRID) was modified and the new version validated on the St. Mary River watershed in northern Montana, using historical data. In Part II, future climate change scenarios are used to estimate spring streamflow (Q S ) for the 1961-2099 period. Relative to the base period , the model indicates median year Q S decline of 3 -8% by the 2020s, 8 -17% by the 2050s, and 15 -27% by the 2080s. Mean onset of the spring pulse is projected to occur in early March or late February for the 2080s, 36 to 50 days earlier than for the 1961-1990 reference period. Model results generally indicate increased precipitation, but spring runoff volumes will decrease substantially, because the higher rain:snow ratio and shorter accumulation period will decrease snowpack volume. Overall, the results of this study indicate that the increased winter temperature resulting from anthropogenically-induced climate change, will result in shorter winters, reduced snowpack volume, and earlier spring snowmelt and runoff onset, resulting in substantial reductions in spring discharge.
Introduction
Climate warming presents a considerable threat to industrial, municipal, environmental and recreational stakeholders, in regions where water supply is derived from snow-dominant headwaters (Barnett et al., 2005) . Western North America (WNA) surface air temperatures have risen at an overall mean rate of 0.1 -0.2°C per decade since 1950, with more pronounced warming observed during the winter and spring seasons (Karl et al., 1993; Lettenmaier et al., 1994; Mote et al., 2005; Vincent et al., 1999) . As a result, widespread snowpack declines (Brown and Braaten, 1998; Hamlet et al., 2005; Mote, 2003; Mote et al., 2005; Selkowitz et al., 2002) , higher rain:snow ratios (Knowles et al., 2006) , shorter snow accumulation seasons, and more frequent winter melt periods Nash and Gleick, 1991; Shabbar and Bonsal, 2003) have been observed. Each of these changes can result in decreased streamflow volume and changes to runoff quantity and timing.
Previous historical summaries indicated that the date of peak snowmelt is occurring approximately 1 -4 weeks earlier compared to the last half century (Groisman et al., 1994; Stewart et al., 2005) . Annual flows for many Rocky Mountain regions has declined by 0.22 % y -1 over the last century (Rood et al., 2005a) . Seasonal trends indicate that winter flows are increasing, and that summer and early autumn flows are decreasing. The largest seasonal declines are in late summer flows (-0.2 % y -1 ), which have occurred for the rivers draining the eastern slopes of the Rocky Mountains (Rood et al., 2008) .
Global circulation model (GCM) outputs suggest temperature increases of 2 to 6°C in WNA by 2100 (Field et al., 2007) and modest increases in annual precipitation. Seasonal precipitation may decrease in some regions and/or show much greater variation (Christensen et al., 2007) . Declines in snowpack volume are, thus, expected to continue in response to warming. For example, volumes are expected to decline by 60 -100% in US coastal regions (e.g., Cascade mountains) and in the US southwest (e.g., Sierra Nevada mountains) by the end of the century (Leung et al., 2004; Leung and Wigmosta, 1999; McCabe and Wolock, 1999) . Warmer winter temperatures may also accelerate spring snowmelt and the onset of the spring streamflow pulse. Stewart et al. (2004; estimated that peak flows would occur 30-40 days earlier in the future, relative to the observed 1948-2000 trends.
Hydrologic response at the watershed scale is less certain, mainly because of differing precipitation regimes. A wetter and warmer climate could shift watershed streamflow to a more rainfall-dominated regime (Whitfield et al., 2002) , especially in areas west of the continental divide (Loukas et al., 2002; 2004; Morrison et al., 2002) . For example, the Okanagan watershed could experience increases in runoff especially in the nearterm. However, it is likely that temperature increases will overwhelm precipitation increases, resulting in runoff decline over the long-term (Merritt et al., 2006) . East of the continental divide, few studies have considered the potential impact of climate warming on the hydrology of montane watersheds. This may be due, in part, to contradictions in the magnitude and direction of projected snowpack volume changes. Differences between studies arise from the distinct modelling approaches used. For example, McCabe and Wolock (1999) reported 9% and 3% increases in snowpack volume for the 2025-2034 and 2090-2099 periods, for the Montana-Alberta Rocky Mountain region, based on analysis of GCM outputs. Leung and Wigmosta (1999) , on the other hand, used GCM output to drive a Regional Climate Model (RCM), which captured orographic effects. They predicted an 18% snowpack volume decrease in a representative watershed of the Montana-Alberta Rocky Mountain region within the next century. Lapp et al. (2002; downscaled GCM data for use in a high resolution mountain snow accumulation and ablation model and projected a 38% reduction in snowpack volume for a mountain watershed (1445 km 2 area) in the southern Alberta Rockies by 2020-2050. Increasing precipitation is a source of potential snow water equivalent (SWE), but increasing temperature outweighed this effect, so that SWE was projected to decline. Therefore, watershed-scale assessments are needed to determine the net effect of these influences
Study Rationale
The St. Mary headwaters study basin is located on the eastern slopes of the Rocky Mountains in Glacier National Park, Montana. It is the principal water source for almost 200,000 ha of downstream irrigation in southern Alberta (Canada) and 56,600 ha in Montana (United States) (Alberta Agriculture, Food & Rural Development (AAFRD), 2000) . The river water supply in these semi-arid regions is fully allocated in most years. Multiple on-and off-stream water storage facilities, in conjunction with interbasin diversion systems, have facilitated extensive irrigation developments. However, these developments have resulted in major ecosystem impacts (Rood et al., 1995; Rood et al., 2005b) and conflict with regard to transboundary water allocation (Halliday and Faveri, 2007) . Intensive livestock operations, irrigation-based crop production and rapid urban growth also impact water quality and quantity in the region (Byrne et al., 2006; Schindler and Donahue, 2006) .
In the last two decades, St. Mary River water users have suffered through supply shortfalls in 1988 and 2001. During the 2001 drought, water rationing measures were implemented according to St. Mary River (SMR) Project recommendations. Reduced discharge was due to a series of circumstances, including shallow winter snowpack, spring soil moisture depletion from a lack of precipitation, and maintenance-related low reservoir levels (R. Renwick, SMR Irrigation District, pers. comm.). Repeated maintenance-related supply problems are unlikely to occur, but the frequency of low SWE and soil moisture depletion are expected to increase in response to climate warming.
The objective of this paper is to model spring streamflow volume and timing for the St. Mary River watershed during the 21 st century, based on a range of climate warming scenarios. The model used was developed and calibrated using historical data in Part I of this two-part study (Larson et al., this issue) . Part II of this study is an exercise that aims to provide a first estimate of hydrologic changes in response to climate change using a set of GCM outputs. Two assumptions are necessary for this type of research. Firstly, GCM scenarios are presumed to accurately portray the future.
Secondly, we must assume that the characteristics of the hydrologic system will remain as they are depicted in the model. A detailed description of the study area and modelling approach is found in Larson et al. (this issue) .
To accomplish the objective, climate change scenarios derived from the results of six global circulation models (GCMs), were selected for three future periods (2020s, 2050s, and 2080s 
Materials and Methods

SIMGRID Snow-Runoff Model
The SIMGRID model (Shepperd, 1996 , Lapp, 2005 was refined and applied to the simulation of snow water equivalent (SWE) and spring streamflow volume. Details of the model development may be found in Larson et al. (this issue) . The SIMGRID Snow-Runoff model is driven by daily precipitation and temperature. The model comprises the Mountain Microclimate Simulation (MTCLIM) Model (Hungerford et al., 1989) , which extrapolates base weather station data to outlying mountain sites of varying aspect, slope, and elevation.
The SIMGRID Snow-Runoff model spatially extrapolates the base weather station data to the extent of a watershed, which is defined by terrain categories (TC). Terrain categories represent areas of equal terrain attribute combinations, and are derived from a digital elevation model (DEM) of the study area.
The model simulates snow accumulation and melt, including rain-on-snow, for all TCs. Total potential snowmelt runoff (S R ) and rainfall runoff (R R ) volumes are compiled. The variable S R refers to the total amount of meltwater that is available for runoff or infiltration. The variable R R refers to the amount of precipitation that occurs on assumed saturated soils that is available for runoff or infiltration.
The SIMGRID Snow-Runoff model was run for the For each year, the S R and R R output were summed for the watershed, and expressed as million m 3 . Finally, the S R and R R independent variables were regressed against observed spring streamflow volume (Q S ) for each year. Thus using physically-based variables, a multiple linear regression model was developed to predict runoff.
Scenarios Data
Projected monthly mean minimum and maximum temperature and precipitation data were downloaded for the study region, from the Pacific Climate Impacts Consortium (PCIC) (2007) . The values represent the average changes expected for three future time periods (2010-2039, 2040-2059 and 2070-2099) , relative to the base period . While the data are said to represent a 30-year period, PCIC only provided GCM output corresponding to one set of monthly changes to be applied for the entire 30-year period (e.g., there
were 12 change values for each parameter for the 2020s time slice, which corresponded to the expected monthly changes over the 2010-2039 time period).
We considered 26 climate change scenarios, derived from six GCMs. For each scenario, outputs from the four grid cells surrounding the St. Mary study area were averaged. The grid cells differed slightly for each GCM, in terms of location and size (Table 1 ). The coarse resolution of GCMs did not capture mountain topography, and the aim was to obtain more representative change values for the study area Von Storch et al., 1993) . The climate change scenarios used in this study included several model runs for each model, including distinct greenhouse gas emission paths. For example, the Canadian Centre for Climate Modelling and Analysis has provided output for the CGCM2 for several runs (e.g., A21, A22, A23, B21, B22, and B23). Output exists for the results of each run corresponding to the 2020s, 2050s, and 2080s. A GCM run is forced by one of many projected greenhouse gas emissions paths, outlined in the Special Report on Emissions Scenarios (Nakićenović et al., 2000) which is distinct for each future time period, and may vary according to the initial model parameters. 
Scenario Selection
The Intergovernmental Panel on Climate Change (IPCC) guidelines recommend that more than one scenario be used to capture the range of possible future climate in a particular region (Carter et al., 1999) . To develop the climate change scenarios, average projected changes in monthly minimum temperature, maximum temperature and precipitation (∆T min , ∆T max , and ∆P, relative to , were compiled from the 26 combinations of GCMs and scenarios. Within each of the three future periods, mean changes in November to June temperature and precipitation varied greatly among the models (Figure 1 ). This eightmonth period was considered exclusively, because the modelling approach validated in Larson et al. (this issue) focused on the water balance inputs of winter and spring SWE, as well as spring and early summer rainfall. Barrow and Yu (2005) used a similar method in their scenario selection for an assessment of climate change in the province of Alberta. The uncertainty in model projections in Figure 1 is considerable, and there is a greater degree of scatter observed for later time periods, owing to increased uncertainty (Cubasch et al., 2001) . All model scenarios projected increases in mean temperature through the future period, ranging from a minimum of 0.4°C during the 2020s to a maximum of 8.2°C for the 2080s. The cluster of model runs projecting temperature increases of more than 6.0°C for the 2080s were considered as outliers, and were not used in the selection process.
To effectively investigate possible future conditions, two scenarios were selected to be representative of the range of the most common climate change scenarios. When results are extended beyond the single cluster of predictions for the 2020s, two linear clusters were noted, representing high and low precipitation increases Table 1 for the abbreviated GCM acronyms, used to label scenarios (along with the emissions scenario identifier and the model experiment number). For example, CB23 denotes the result for the CGCM2 forced by the B2 emissions path, during the 3 rd experiment. The "delta method" was used to apply the changes calculated above to perturb the St. Mary daily climate of the base period . This method has been used in previous climate studies (Loukas et al., 2004; Merritt et al., 2006; Morrison et al., 2002) , but it does present limitations. For example, any largescale patterns of variability present in the base period climate are carried over to the future simulations. However, methods for predicting changes in such phenomena (e.g., Pacific Decadal Oscillation (PDO), Pacific North American Pattern (PNA) and El Niño Southern Oscillation (ENSO), which are linked to external radiative forcing and sea surface temperature distributions, are not well developed (Bond et al., 2003; Hauer et al., 1997; Newman et al., 2003; Overland and Wang, 2007) . Furthermore, negative and positive feedback loops that may be related to such large-scale variability, including cloudiness, snow-albedo and biospheric effects, are not well understood (Betts, 2004; Langen et al., 2007; Qu and Hall, 2007; Sanderson et al., 2005) .
The following examples show how the daily temperature and precipitation changes were applied to the St. Mary climate station daily data. The Tmax for a future time period, under a future scenario, and for a particular season was (all variables in °C):
where The same method was used to calculate Tmin. Future precipitation was obtained by using the percent change to adjust daily historical values, i.e.:
P i (F) = P i (B) × (1+ ∆P s (F)/100)
where P i (F) is the future precipitation at St. Mary station for the i th day of the future time period (mm), P i (B) is the precipitation at St. Mary station, for the i th day of the base period daily climate record (mm), ∆P s (F) is the change in precipitation, relative to the base period, for the appropriate season of the i th day of the future time period (%).
The variations calculated using climate change scenarios were applied to the 
Spring Runoff Model Runs
For each of the three future 30-year period daily climate records, and for each scenario, the following steps were taken to model future changes in snow hydrology:
• The SIMGRID Snow-Runoff model distributed maximum and minimum temperature extremes and precipitation across the study watershed according to 566 terrain categories (TCs) of similar slope, aspect and elevation.
• For each TC, the SIMGRID Snow-Runoff model simulated daily snow accumulation and ablation, with SWE and rainfall outputs.
• Using the modelled data, Julian dates of maximum snowpack accumulation (Jmax) and snowpack disappearance (Jdis) were determined for the individual TCs, and for the watershed for each year.
• Total potential snowmelt runoff (S R ) and total potential effective rainfall runoff (R R ) volumes for the watershed were compiled from the modelled data, with S R and R R volumes computed additively from the contributions 
where Q S is the spring streamflow volume, S R is the total potential snowmelt runoff volume, R R is the total potential effective rainfall runoff volume (all units in million 
Analysis
Seasonal Climate Changes
Changes in ∆Tmax, ∆Tmin, and ∆P values vary according to the season and the scenario (Table 2) . Absolute changes at the St. Mary climate station, shown through seasonal mean temperature (i.e. average of maximum and minimum temperature) and precipitation, relative to the 1961-1990 base period (Figure 2) , provide a sense of resultant impacts on snow accumulation and ablation. Snow accumulation generally occurs during the DJF (December, January, and February) season (Figure 2a) , while snow ablation begins during the MAM (March, April, May) season (Figure 2b) .
During the DJF season, the mean temperature is -4.0°C for the base period. It remains below zero for the 2020s, but passes the critical freezing temperature (solid line in Figure 2a ) by the latter period of the 2050s for Scenario 2. Both scenarios indicate abovefreezing temperatures for the 2080s for the DJF season. Changes in precipitation are largest for Scenario 1 during the DJF season. For example, Scenario 1 P increases from 169 to 240 mm (41.7% increase) during the DJF season from base to 2080s periods, respectively.
For the MAM season, under both scenarios temperatures increase steadily through progressive time periods. The precipitation increase through time is smaller than the precipitation increase during the DJF season. For example, Scenario 1 P increases from 208 to 247 mm (18.5% increase) from the base period to the 2080s during the MAM season.
Representative Low, Medium, and High Flow Years
Comparisons of average historical magnitudes to magnitudes under climate warming scenarios provide meaningful long term planning guidance. We also wished to assess how wet and dry (i.e., extreme) flow years may vary under climate change. High, median, and low flow years from the base period frequency distribution were chosen to compare with corresponding future years. This analysis strictly compared changes in magnitude for specific years within the 1961-1990 frequency distribution. The delta method used to downscale the climate change data resulted in the base period frequency distribution merely being shifted to the three future climate change scenario periods. While it is widely accepted that the frequency of temperature and precipitation distributions will change under climate warming (Diffenbaugh et al., 2005; Huntington, 2006) , the actual changes in frequency distributions were not analyzed and considered in this study. Weibull frequency analysis (Weibull, 1951 ) was used to estimate the spring runoff volume for one in ten wet and dry runoff years for historical and future scenarios. A frequency distribution plot for years was developed (Figure 3 ). Based on Figure 3 , flow volumes and percentage probability were determined for the corresponding future years (Table 3) . For example, for the period 1984 was a low flow year. This was year 24 within the base period. For the 2020s period, this equivalent low flow year (i.e., 9.7% probability) corresponded to the year 2033 (i.e., year 24 within the 2010-2039 period). The corresponding years are thus representative years of high, medium, and low flow, based on the frequency distribution of the base period.
Results and Discussion
Changes in Runoff Volumes
Projected changes in snowmelt runoff (S R ), rainfall runoff (R R ) and St. Mary basin spring runoff volumes (Q S ) were generated for each scenario, using the SIMGRID Snow-Runoff model. Continuous time series of S R , R R , and Q S were constructed for the 1961-2099 period (Figures 4, 5, and 6) . Results for low, medium, and high flow years are presented (Table 4) , to provide benchmark changes in Q S through time.
Annual snowmelt runoff consistently declined during the historical period and for both Scenarios 1 and 2 (Figure 4 ), due to increases in temperature.
Annual rainfall runoff was variable between scenarios 1 and 2 ( Figure 5 ), and did not change substantially. This is explained by Figure 2 , which shows that there is only a small change in precipitation during the MarchApril-May (MAM) season, both between scenarios and between time periods. The MAM season coincides with the rainfall runoff periods for the majority of future years. Annual streamflow, which reflects the combination of S R and R R variables, exhibited a modest decline with time for the historical period, a trend that extended through 2099 under both Scenario 1 and Scenario 2 (Figure 4) . Despite between-scenario differences in November-June precipitation, the two Q S projections were similar, with a trend toward slightly lower Q S for Scenario 2 over time.
S R and Q S declined with time in every flow type (Table 4) , under both climate scenarios. The decline in snowpack was due to warmer winter temperature, which resulted in a truncated accumulation period and enhanced mid-winter melt at lower elevations. R R increased in most cases, but the increases that occurred were small compared to the declines in S R . The data also suggest that water supply may become restricted in low and medium flow years within a few decades, as Q S volumes exhibited substantial declines under Scenario 1. By the 2050s, low flow Q S was projected to decline by 29-41 percent (Table 4) . Conversion of snow to rain in the model does not appear to significantly increase R R . Rainfall runoff occurs most routinely in the early days following snowpack disappearance when the soil is wettest from snowmelt. Evapotranspiration begins soon thereafter, and the increasing soil water deficits enhance rainfall absorption, thereby limiting R R .
For the medium flow year of Scenario 1, modelled Q S changed little from the 2020s to the 2050s. This can be explained by the additive nature of S R and R R . The DJF season climograph of Figure 2 shows that average temperatures remained below freezing, while ). The slightly earlier snowmelt projected by the models means that effective rainfall runoff may occur earlier in the 2050s than in the 2020s. Instead of occurring during the JJA season, when ∆P is negative (Table 3) , it may occur during the MAM season, when ∆P is positive. Thus, R R was projected to increase from 63.9 to 84.5 million m 3 between the 2020s and the 2050s. The net result of the changes in S R and R R is that modelled Q S increased slightly between the 2020s and 2050s for the medium flow year. Modelled Q S was higher for Scenario 1 than Scenario 2, except during the 2020s. This is because predicted warming rates are slightly higher for Scenario 2, while precipitation is projected to be lower during the critical November-June period. During the 2020s, Scenario 2 shows greater Q S than Scenario 1 because of higher R R (Table 4) .
Assuming no changes would occur in temperature and precipitation frequency distributions in the future, model simulations indicated that the relative frequency of low flow years will increase in the St. Mary basin. The 1:10 year low flow Q S is 249.5 million m 3 for the base period. The steady decline in Q S in Table 4 and Figure 4 suggests that the historical low flow years will occur more often with time. By the 2080s, simulated Q S volumes declined substantially, with Scenario 2 indicating mean Q S volume lower than historical 1:10 year values.
Changes in Runoff Timing
Changes in the modelled date of snow disappearance (Jdis), and especially of the date of maximum snow accumulation (Jmax), were used as indicators of changes in runoff timing. Jdis refers to the complete melt out of basin snowpack, and Jmax is used as a proxy for the onset of spring melt. For the base period, the average date of onset of spring streamflow was April 9 (Table 5; Figure 7 ). Spring streamflow onset was predicted to begin about two weeks earlier in the 2020s relative to the 1961-1990 historical period. For the 2050s, average spring streamflow onset was projected to occur between March 7 (Scenario 2) and March 17 (Scenario 1). For the 2080s, simulated streamflow onset was even earlier, occurring between February 21 and March 4. Complete melt out of the basin snow occurred in June in historical times, but occurred much earlier under the future scenarios employed in this study.
The changes in timing have implications for water managers as spring flows were projected to occur much earlier, presenting challenges with later summer water supplies. As well, the snowmelt season was projected to shorten through time as the dates of maximum snow accumulation and spring streamflow onset grow closer together.
Summary
A high resolution alpine hydrometeorology model, previously calibrated for modelling spring runoff for the St. Mary River watershed (Larson et al., scenarios were selected that envelop the upper and lower range of possible precipitation change that will likely occur within the watershed as global warming progresses through 2099. The results should be interpreted with an understanding that there is a degree of uncertainty in GCM model projections, and that it was assumed that the relationships for which the SIMGRID SnowRunoff model were validated for the historical period (Larson et al., this issue) , will remain valid in the future. Both scenarios forecast substantial warming, with only small increases in precipitation during winter and spring. Under the adopted scenarios, spring runoff declined substantially during the 90-year simulation period. While the predicted impacts of climate warming on streamflow were modest for the 2020s, more substantial and progressive declines were predicted for the 2050s and 2080s.
The main factors predicted to reduce spring streamflow include higher rain:snow ratios and higher snowmelt frequency in winter, due to higher temperatures. This is expected to produce a decrease in basin snow water equivalent in spring, earlier spring streamflow onset and lower spring streamflow volume, despite small increases in projected precipitation. These changes would likely result in severe water shortages during drought years. Earlier snowmelt onset will present challenges for water storage facilities, even during average years. The changing winter period will also have implications for winter recreation and a range of ecosystem dynamics such as land cover relationships with fire season length and intensity and instream flows.
